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SUMMARY  

ADAR1 and ADAR2 catalyze adenosine-to-inosine (A-to-I) editing, the most common 

post-transcriptional modification in RNA. While ADAR1 is ubiquitously expressed and 

plays a critical role in preventing activation of the host immune system, ADAR2 exhibits 

tissue-specific and inducible expression patterns, and its function in the immune system 

is not known. Here, we identify an intragenic super-enhancer involved in the dramatic 

induction of ADAR2 when naïve helper T cells differentiate toward the Th17 lineage. By 

editing the inverted repeat sequences at the 3’ untranslated region (UTR) of Malt1, which 

encodes a component of the NF-kB activation complex, ADAR2 promotes MALT1 

expression and Th17 effector function. Interference with the ADAR2-MALT1 pathway 

dampens the production of Th17 cytokines and promotes T cell-mediated colitis. This 

study expands our understanding of RNA editing in adaptive immunity and identifies the 

ADAR2-MALT1-IL-17A axis as a potential therapeutic target for inflammatory conditions 

in the intestine.   

 

INTRODUCTION  

T helper 17 (Th17) lymphocytes residing in the gastrointestinal tract regulate local tissue 

homeostasis and response to microbial challenges (1, 2). These cells produce a signature 

cytokine called interleukin-17A (IL-17A) (3), which is essential for epithelial barrier 

function (4-6) and anti-bacterial and anti-fungi defense (7-9). Genetic polymorphisms of 

Il17a have been linked to inflammatory bowel disease (IBD) susceptibility (10). 

Neutralization of IL-17A or its receptor worsens intestine inflammation in IBD patients (11, 

12), suggesting a protective role of the IL-17A axis in the gut.  
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Th17 differentiation is induced by IL-6, TGFb, IL-21, IL-23, and T cell receptor 

(TCR) signaling (13). TCR activation promotes oligomerization of the CBM complex, 

containing the Caspase recruitment domain-containing protein CARMA1 (CARD11), B 

cell lymphoma-10 (BCL10), and Mucosa-associated lymphoid tissue lymphoma 

translocation protein 1 (MALT1) proteins (14). The CBM complex acts as a scaffold for 

the recruitment of effector proteins involved in NF-κB activation (15). MALT1-mediated 

cleavage of RelB (16), A20 (also known as TNFAIP3) (17), and cylindromatosis (CYLD) 

further modulates the NF-κB and JNK signaling cascades (18). Genetic and 

pharmacologic studies show that MALT1 is essential for Th17-mediated anti-fungal 

immunity and encephalomyelitis pathogenesis (19, 20). But the molecular pathways 

regulating MALT1 levels in T cells and its role in IBD remain unclear. In this study, we 

report a surprising finding that MALT1 expression in Th17 cells is regulated by an RNA 

modification-dependent mechanism.  

One of the most abundant RNA modifications in the mammalian transcriptome is 

the deamination of adenosine to inosine (A-to-I editing), which is catalyzed by the 

Adenosine Deaminase Acting on RNAs (ADAR1 and ADAR2) (21, 22). Inosine is 

recognized by cellular machinery as guanosine, therefore A-to-I editing has been reported 

to impact gene expression at the level of pre-mRNA splicing, RNA stability, RNA 

localization, microRNA targeting, and/or protein translation (23). ADAR1 is ubiquitously 

expressed, and it is well appreciated for its role in editing repetitive elements to prevent 

aberrant activation of the dsRNA sensor melanoma differentiation-associated protein 5 

(MDA5) and subsequent interferon responses and inflammation (24-26). In the adaptive 

immune system, T cell-specific deletion of Adar1 impaired negative selection in the 
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thymus, resulting in the development of an autoimmune condition in the intestine (27). 

Unlike ADAR1, ADAR2 shows restricted basal expression. It is highly expressed in the 

brain under homeostatic conditions (27, 28) and is best known for modulating the coding 

potential of the glutamate receptor subunit GluA2 essential for neuronal activities (29). 

Although ADAR1 role in innate immunity is well-documented, the role of ADAR1, ADAR2, 

and A-to-I editing in T cell differentiation and function are largely unknown.  

Here, we report that naïve helper T cells polarizing toward the Th17 lineage 

undergo a switch in ADARs expression, resulting in a global shift in the A-to-I editome. 

This process is evolutionarily conserved between mice and humans. In murine Th17 cells, 

elevated ADAR2 levels are maintained by an intragenic super-enhancer. One target of 

ADAR2 is the MALT1 transcript essential for Th17 effector function. ADAR2 edits a set of 

highly selective sites on the B2 SINE repetitive elements present in the Malt1 3’ 

untranslated region (UTR) to promote protein translation. Genetic alteration of this 

pathway reduces Th17 cytokine production and tissue repair capacities during colitis. 

These findings reveal an essential role of ADAR2-mediated RNA editing in T cell and 

mucosal biology.  

 

RESULTS 

ADAR1 and ADAR2 are dynamically regulated during T helper cell differentiation 

RNA binding proteins (RBPs) regulate mRNA processing, stability, transport, and 

translation (30). In CD4+ T helper cells, aside from the known roles of Ago1/Ago2 (31-33) 

and ZFP36 (30), the functions of other abundantly expressed RBPs have not been 

investigated. Of the RBPs curated by ATtRACT database (34), we detected 170 RBPs 
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abundantly expressed in T helper cells, 72 of which displayed dynamic expression 

patterns upon naïve cells differentiating into the Th17 lineage (Figure 1A and Table S1). 

Compared to naïve cells, 29 (40%) RBP-encoding transcripts were downregulated and 

43 (60%) upregulated in Th17 cells. Among those upregulated RBPs in Th17 cells, 

Adarb1, which encodes ADAR2, was the most significantly increased (Figure 1A). An 

independent RNA-seq dataset from a previous report also confirms these observations 

(35), showing the highest induction of Adarb1 in Th17 cells among all CD4+ T cell subsets 

(Figure S1A). In contrast, the levels of Adar transcripts for ADAR1 were lower in Th17 

cells compared to naïve cells (Figure 1A). The distinct expression patterns of these 

adenosine deaminases suggest that they serve differentiation stage-related and/or 

subset-specific functions in helper T cells.   

 

ADAR1 and ADAR2 modulate distinct aspects of T cell biology 

Next, we tested the function of ADAR1 and ADAR2 in an in vitro Th17 differentiation and 

effector function assay using the CRISPR-Cas9-mediated knockdown approach (Figure 

S1B). Depletion of ADAR1 significantly impaired cell proliferation as indicated by reduced 

Ki67-positive cells and increased cell apoptosis as evidenced by slight elevated Annexin-

V-positive cells (Figure 1B). ADAR1-deficient cells also impaired the expression of the 

Th17 master transcription factor RORgt and effector cytokine IL-17A (Figure 1C). In 

contrast, depletion of ADAR2 did not alter cell proliferation, apoptosis, and RORγt 

expression levels, yet significantly lowered the production of IL-17A in Th17 cells (Figure 

1B-C). These results suggest that while ADAR1 broadly modulates T cell survival, 
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proliferation, and differentiation, ADAR2 serves a more specialized role in controlling 

Th17 effector function post differentiation.  

 

RNA editing activity of ADAR2 potentiates cytokine production in cultured Th17 

cells  

In cultured Th17 cells, overexpression of ADAR2WT significantly increased IL-17A 

expression without altering the expression of RORγt (Figure 1D-F), consistent with the 

observation in the loss of function assay described above. Interestingly, cultured Th17 

cells expressing the enzymatically dead ADAR2E396A showed similar IL-17A production 

as control vector transduced cells (Figure 1F). This suggests that ADAR2 positively 

regulates Th17 effector function in an RNA editing-dependent manner.  

To elucidate the RNA editomes in naïve and Th17 cells, we analyzed RNA-seq 

datasets from two biological replicates (Table S2-3) using a previously described 

workflow (36). Compared to Th17 cells, we detected more RNA variants in naïve T cells 

at both the site and gene levels (Figure 2A and S2A-C). 52.3% of base conversion 

variants identified in naïve CD4+ T cells and 62.9% in Th17 cells were A-to-G or T-to-C, 

indicative of A-to-I conversions (Figure S2A). The majority of A-to-I edited sites localized 

to 3’ untranslated regions (UTRs) (Figure S2D), in line with previous reports on other cell 

types (37, 38). Notably, however, Il17a transcripts did not harbor any A-to-I conversion in 

Th17 cells, suggesting that ADAR2 may modulate Il17a expression through a more 

elaborated mechanism. 

 

ADAR2 edits B2 SINE repeats on the Malt1 3′ UTR to promote translation 
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Fifteen transcripts harboring differential A-to-I editing in naïve vs Th17 cells encode 

proteins with altered abundance as quantified by mass spectrometry (Figure S3A) (39). 

Of the 10 proteins with greater expression in Th17 cells, 7 exhibited reduced A-to-I editing 

in their transcripts. In contrast, the degree of A-to-I editing on transcripts for ADAR2, 

MALT1, and SON positively correlated with their protein abundance in Th17 cells. These 

findings suggest that editing may modulate translation in a bidirectional fashion.  

We were particularly intrigued by the extensive A-to-I editing on Malt1 transcripts, 

as it represents one of the four transcripts that gained A-to-I editing in Th17 cells with a 

known role in defense response (Figure 2B and S3B). RNA-seq analysis revealed three 

major A-to-I edited sites (1-3) within two B2 SINE repeat elements on the Malt1 3’UTR 

(Figure 2C). Sanger sequencing of cDNAs from multiple independent Th17 cultures 

confirmed the presence of these three A-to-I conversion sites and identified two additional 

conversion sites nearby (2adj and 3adj) (Figure 2D). Native RNA immunoprecipitation 

(RIP) assay using an ADAR2-specific antibody confirmed significant enrichment of Malt1 

transcripts on ADAR2-containing complexes (Figure S3C). Overexpression of wildtype, 

but not mutant ADAR2, increased A-to-I editing on sites 2, 2adj, and 3 (Figure 2D and 

S4A), and conversely, ADAR2 knockdown reduced A-to-I editing on sites 2 and 2adj in 

cultured Th17 cells (Figure S4B-C). Notably, ADAR2 did not alter the overall Malt1 mRNA 

output as indicated by the qRT-PCR analysis (Figure S5A) nor affect Malt1 mRNA stability 

in Th17 cells treated with flavopiridol, a small molecular that globally inhibits mRNA 

transcription (40) (Figure S5B). Lastly, none of the Malt1 A-to-I edited sites overlap with 

the TargetScan predicted microRNA target sites (Figure S5C). Collectively, these results 
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suggest that ADAR2-mediated editing may directly impact MALT1 translation in Th17 

cells. 

Inverted repeats on mRNA 3’UTRs can form stem-loop structures that serve as 

binding sites for specific RBPs and regulate RNA localization to the nuclear paraspeckles 

and/or cytoplasmic stress granules (41, 42). Therefore, we speculated that ADAR2 editing 

of the inverted B2 SINE repeats on the Malt1 transcript might alter RNA secondary 

structure, which may in turn affect its cellular localization and/or translation. In line with 

this possibility, the inverted B2 SINE repeats on Malt1 were predicted to form a stem-

loop-like structure and modifications of the adenosines at sites 2 and 2adj on the first B1 

SINE repeat would disrupt the predicted structure (Figure S6A). In ADAR2 knockdown 

cultured Th17 cells, we saw a modest increase in nuclear retention of Malt1 mRNA 

(Figure 2E). For the Malt1 transcripts that made their way out to the cytoplasm, their 

engagement with the protein translation machinery was significantly reduced in the 

ADAR2-deficient cells (Figure 2F), consistent with the overall lowered MALT1 protein 

levels (Figure 2G). Conversely, MALT1 protein abundance was significantly elevated in 

Th17 cells overexpressing wildtype but not the enzymatic dead mutant of ADAR2 (Figure 

2H). Together, these results demonstrate that ADAR2-mediated RNA editing promotes 

MALT1 expression at the nuclear export and protein synthesis steps in Th17 cells.  

 

The ADAR2-MALT1 axis regulates Th17 effector function in vitro 

MALT1 is essential for IL-17A production in Th17 cells (19, 20, 43, 44). In line with these 

reports, we found that knockdown of Malt1 or pharmacological inhibition of MALT1 

protease activities significantly attenuated IL-17A production in culture Th17 cells (Figure 
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S7A-D). Therefore, we hypothesized that ADAR2 may regulate IL-17A production and 

effector function of Th17 cells by regulating MALT1 levels. Consistent with this possibility, 

overexpression of ADAR2WT in Th17 cells cultured in the presence of the MALT1 protease 

activity inhibitor (MI-2) failed to potentiate IL-17A production (Figure 2I). These results 

highlight that the ADAR2-MALT1 axis promotes IL-17A cytokine production in Th17 cells.  

 

ADAR2 protects against T cell-mediated colonic inflammation 

In the intestine, Th17 cells enhance barrier function (4-6) and restrict local inflammation 

(45). Neutralization of IL-17A or its receptor worsens intestine inflammation in patients 

with inflammatory bowel disease (11, 12). Similar results were also observed in mice 

challenged with CD4+ T cell-transfer colitis (4, 46). Sanger analysis of the colonic lamina 

propria mononuclear cells in the CD4+ T cell-transfer colitis model confirmed abundant A-

to-I editing on Malt1 transcripts in vivo (Figure 3A). Therefore, we hypothesized that the 

ADAR2-MALT1 axis might also regulate Th17 cell effector function in vivo in settings of 

colitis. To test this possibility, control or ADAR2 overexpressing T cells were transferred 

into RAG1-/- mice. By Day 35, recipients of ADAR2 overexpressing cells (ADAR2WT) were 

better protected from weight loss and had lower tissue pathology scores (Figure 3B-C). 

Th17 cells transduced with ADAR2-overexpressing constructs showed higher MALT1 

protein levels than untransduced Th17 cells in the colonic lamina propria (cLP) and spleen 

of the same host (Figure 3D). In contrast, recipients of cells overexpressing the catalytic 

dead mutant (ADAR2E396A) showed similar weight changes compared to recipients of 

control cells (Figure 3E). These results demonstrate that ADAR2 augments MALT1 
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expressions in T cells in vivo and its deaminase activity protects against T cell-mediated 

colitis.  

In a parallel experiment, activated CD4+ T cells from Cas9+ transgenic mice 

transduced with empty or sgAdarb1 expression constructs were transferred into RAG1-/- 

mice. Compared to the control, recipients of ADAR2-depleted (sgAdarb1) cells 

experienced greater weight loss by day 29 (Figure 4A). Colons from recipients of 

sgAdarb1 cells harvested 35 days post-transfer displayed exacerbated pathology (Figure 

4B-C) and had reduced overall tissue length (Figure 4D). A-to-I editing at site 2 of the 

Malt1 transcripts displayed ADAR2 dependency in vivo (Figure 4E). Consistent with 

results from our cell culture experiments, ADAR2-depleted Th17 cells in the colonic 

lamina propria also showed lower IL-17A production capacity (Figure 4F). Interestingly, 

IFNg, a cytokine produced by Th1 cells previously implicated in colitis, did not display 

ADAR2 dependency in vivo (Figure 4F). Furthermore, knocking down ADAR2 did not alter 

the proportions of colonic Th17, Th1, and Treg (Figure 4G, following the gating strategy 

on S8A). Importantly, these functional consequences recorded in ADAR2 deficient Th17 

cells essentially phenocopy the functional defects of MALT1 knocked out Th17 cells (see 

Discussion), thus establishing the regulatory function of the ADAR2-MALT1 axis in vivo. 

Together, these results suggest that ADAR2 promotes Th17 effector function in vivo and 

protects against exacerbated colonic inflammation.  

 

Super enhancer promotes Adarb1 transcription during Th17 polarization 

Differentiation of naïve CD4+ T cells toward different T helper lineages requires drastic 

changes to the chromatin landscape. Most notable is the emergence of super-enhancers 
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encompassing large clusters of enhancers enriched with the active H3K27 acetylation 

(H3K27ac) marks (47-50). To elucidate the mechanism underlying the induction of 

ADAR2 expression in Th17 cells (Figures 1A and 5A), we characterized the chromatin 

landscape of the Adarb1 locus using the Chromatin Immunoprecipitation with high-

throughput sequencing (ChIP-seq) and the Assay for Transposase-Accessible Chromatin 

with high-throughput sequencing (ATAC-seq). As shown in Figure 5B-C, the Adarb1 locus 

underwent dynamic opening when naïve cells were polarized toward Th17. 72hrs post 

differentiation into Th17, genome-wide characterization of histone H3 lysine 27 

acetylation (H3K27ac) revealed the establishment of a putative intragenic super-

enhancer (SE) at the Adarb1 locus (Figure 5B). This SE spanned a cluster of five cis non-

coding sites (CNS) that gained accessibility during Th17 polarization (CNS1: chr10 

77367402-77367422, CNS2: chr10 77368829-77368848, CNS3: chr10 77387874-

77387894, CNS4: chr10 77388804-77388824, and CNS5: chr10 77406713-77406733) 

(Figure 5C). To further understand how this SE interacts with the Adarb1 promoter, we 

performed Global RNA interactions with DNA by deep sequencing (GRID-seq, (51, 52)) 

to obtain evidence for the proximity of the SE with the nascent Adarb1 RNA. Indeed, we 

found that numerous cis elements within this putative SE were positioned in close spatial 

proximity to the Adarb1 promoter (Figure 5C). Analysis of publicly available datasets (53, 

54) further revealed that CNS 3 and 4 occupied opened chromatins only in Th17 cells 

and not any other CD4+ T cell subsets (Figure S9A-B).  

Among these five CNSs, chromatin opening at CNS2, CNS3, and CNS4 exhibited 

the highest correlation with the accessibility dynamics at the Adarb1 promoter, suggesting 

that these elements may regulate transcription of the Adarb1 locus (Figure 5D). To assess 
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their contribution(s) to Adarb1 expression, small guide RNAs (sgRNAs) were designed to 

target each of the putative elements in Cas9-expressing Th17 cells. CRISPR-mediated 

mutation of CNS3 or CNS4 resulted in a significant reduction in Adarb1 expression 

(Figure 5E). Altogether, these results revealed that CNS3 and CNS4 within the Adarb1 

SE are essential for driving ADAR2 expression in Th17 cells (modeled in Figure 5F). 

 Induction of ADAR2 is conserved in human Th17 cells. Analysis of ten public 

human naïve and/or Th17 datasets (55) by ComBat-seq under default parameters 

revealed that ADARB1 was also significantly upregulated when human naïve CD4+ T cells 

were polarized toward the Th17 lineage (Figure 5G and S10A-B). With an independent 

time-course dataset (56), we further confirmed the striking parallel induction of ADARB1 

and IL-17A transcripts during human and murine Th17 cell polarization (Figure 5H), 

suggesting an evolutionarily conserved association between ADAR2 and acquisition of 

Th17 effector function.  

 

The ADAR2-MALT1 axis is conserved in human 

Analysis of the public RNA-seq datasets from human Th17 and non-Th17 cells revealed 

the presence of extensively edited Alu repeats on the human MALT1 3’UTR (Figure 6A). 

To test the possibility that human ADAR2 also serves as the upstream regulator of MALT1, 

we over-expressed two isoforms of ADAR2 most abundantly expressed in human T cells 

in HEK293 cells (Figure 6B). A previous study reports that the ADARB1(+5a) transcript 

containing the alternatively spliced exon 5a (ENST00000437626.5) resulting in the 

insertion of an AluJ cassette in the ADAR2 catalytic domain, encodes a less catalytically 

active enzyme compared to the one encoded by the shorter ADARB1 
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(ENST00000348831.9) transcript (57). As expected, over-expression of ADARB1 and, to 

a lesser extent, ADARB1(+5a) increased A-to-I editing on select sites on MALT1 3’UTR 

(Figure 6C and S11A) and potentiated MALT1 protein expression modestly by 20-30% 

(Figure 6D). Notably, overexpression of ADAR2 did not alter ADAR1 protein levels in 

HEK293 cells (Figure 6D). Altogether, these data suggest that ADAR2 regulation of 

MALT1 is an evolutionarily conserved pathway that can be utilized by both immune and 

non-immune cells. 

 

DISCUSSION 

Prior studies on the molecular regulation of T cell differentiation and function primarily 

focused on transcription factors, but the role of RNA binding proteins (RBPs) in these 

processes remains poorly understood. Here, we identify ADAR2 as an important regulator 

of Th17 effector function. Notably, ADAR2 is the most highly upregulated RBP when 

naïve helper T cells differentiate toward the Th17 lineage. Results from our genetic and 

genomic experiments demonstrate that the hyperactivation of the Adarb1 locus in Th17 

cells is driven by a novel intragenic super-enhancer. Once induced, ADAR2 promotes the 

production of Th17 effector cytokine, IL-17A, in vitro and in vivo in a deaminase activity 

dependent manner. This regulation is, in part, facilitated by ADAR2-mediated editing on 

MALT1 transcripts. Genetic ablation of Malt1 during thymic T cell development and/or 

pharmacologic inhibition of MALT1 proteolytic activity result in multi-organ inflammation 

(44, 58-62). In Th17 cells, MALT1 inactivates RelB, promotes p65 nuclear translocation, 

and drives the expression of IL-17A (19, 20, 43, 44). In models of neuro-inflammation, 

MALT1 regulates the expression of GM-CSF and IL-23 and promotes pathogenic Th17 
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functions (19, 20, 58, 63). In this study, we show that depletion of ADAR2 dampens 

MALT1 expression and reduces the capacity of Th17 cells to produce IL-17A in vitro. In 

vivo, it is possible that MALT1 together with other molecules that are also regulated by 

RNA editing contribute to the protective role of ADAR2 during colitis.  

Contrary to the previous reports suggesting that ADAR2 primarily catalyzes 

adenosine deamination of non-repetitive RNA sequences while ADAR1 edits repetitive 

elements (21), ADAR2 modifies select adenosines within two inverted B2 SINE repeats 

on the murine Malt1 transcript and the Alu repeats on the human MALT1 transcript. SINE 

and Alu repeats are the most abundant repetitive elements in the mouse and human 

genomes, respectively. An estimated 4% of these repeats localize to the 3’ UTRs of fully 

spliced transcripts (64). Inverted repeats on 3’ UTRs restrict protein synthesis by retaining 

transcripts in nuclear paraspeckles and/or cytoplasmic stress granules (41, 42). But the 

regulatory molecule(s) involved in releasing target transcripts from this type of negative 

regulation is not well understood. Here, we uncover ADAR2 mediated A-to-I editing as an 

evolutionarily conserved mechanism for unleashing the translation potential of invert 

repeats-bearing transcripts. By editing the Malt1 3’ UTR inverted B2 SINEs, ADAR2 

facilitates Malt1 export to the cytoplasm and promotes translation.  

In addition to ADAR2, other adenosines on the Malt1 transcript are targeted by 

ADAR1. While ADAR2 exhibits tissue and T cell subset-specific expression, ADAR1 and 

MALT1 are ubiquitously expressed across immune and non-immune cells. In Th17 cells, 

however, the abundant expression of ADAR1 did not compensate for the loss of ADAR2, 

suggesting the two ADARs likely have non-redundant roles in regulating the Malt1 

transcript. To investigate whether the two enzymes contribute to MALT1 expression and 
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other aspects of Th17 function in cooperative or competitive manners, future studies will 

need to first bypass the essential role of ADAR1 in T cell survival and proliferation, 

possibly by generating an inducible system for depleting ADAR1 after Th17 commitment 

or in transgenic backgrounds with elevated expression of anti-apoptotic factors.   

In contrast to the well-characterized transcriptional mechanisms involved in T cell 

development and differentiation, post-transcriptional switches exemplified by ADARs and 

RNA editing uncovered in this study provide a more rapid pathway for effector T cells to 

respond to challenges during tissue injury, inflammation, and repair. In summary, our 

study highlights the essential role of ADAR2 in regulating Th17 effector function and 

provides new molecular insights into the role of RNA editing in T cell and mucosal biology. 
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METHODS 

Mice 

C57BL/6 wild-type (Stock No: 000664), Cas9Tg/+ (Stock No: 026179), and RAG1-/- (Stock 

No: 002216) were obtained from the Jackson Laboratory. Adult mice, at least eight weeks 

old, were used. All animal studies were approved and followed the Institutional Animal 

Care and Use Guidelines of the University of California San Diego.  
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Cell Culture 

Mouse naive T cells were purified from spleens and lymph nodes of 8-12 weeks old mice 

using the Naive CD4+ T Cell Isolation Kit according to the manufacturer’s instructions 

(Miltenyi Biotec). Cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM, 

Sigma Aldrich) and supplemented with 10% heat-inactivated FBS (Peak Serum), 50 U 

penicillin-streptomycin (Life Technologies), 2 mM glutamine (Life Technologies), and 50 

μM β-mercaptoethanol (Sigma Aldrich). For Th17 cell polarization, naive cells were 

seeded in 24-well or 96-well plates pre-coated with rabbit anti-hamster IgG and cultured 

in the presence of 0.25 μg/mL anti-CD3ε (eBioscience), 1 μg/mL anti-CD28 

(eBioscience), 0.1-0.3 ng/mL TGF-β (R&D Systems), and 20 ng/mL IL-6 (R&D Systems) 

for 48 to 72 hours. MALT1 inhibitor MI-2 (MedChemExpress, 50-1000 nM) or DMSO 

control were added together with the polarization cytokines. 

The HEK293 cells were maintained in DMEM medium (Gibco) supplemented with 

10% FBS and 50 U penicillin-streptomycin. Human ADARB1 and ADARB1(+5a) were 

amplified from Jurkat T cell cDNAs and cloned into pcDNA3 (Invitrogen). HEK293 cells 

were transfected with the control and ADARB1 encoding pcDNA3 constructs using 

Lipofectamine 3000 (Invitrogen) and analyzed 72hrs post-transfection.  

 

Retrovirus Transduction in T cells 

sgRNAs were designed by CHOPCHOP (65). pSIN retroviral constructs carrying 

expression cassettes for sgRNA along with a surface protein CD90.1 (Thy1.1) were 

generated as described previously in (66). sgRNA sequences are listed in Table S4. The 

MSCV wildtype murine ADAR2 overexpression construct was generated using the In-
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Fusion HD Cloning Plus kit (Takara Bio). Specifically, primers were designed using the 

Takara Primer Design tool with NotI and SalI extensions. The amplified PCR products 

were ligated to the NotI and SalI linearized MSCV vector (RRID: Addgene_17442). The 

MSCV murine ADAR2E396A expression construct was generated using the Q5 Site-

Directed Mutagenesis Kit (New England Biolabs). Clones were screened and confirmed 

by Sanger sequencing.  

Retroviruses were generated in PlatE cells (67). Cas9+ murine naive CD4+ T cells 

were purified from spleens and lymph nodes of 8-12 weeks-old mice. Virus transduction 

on Cas9+CD4+T cells was performed 24 hours after T cell activation by centrifugation at 

2000 rpm for 90 min at 32oC. Live and CD90.1+ retrovirus transduced cells were polarized 

and analyzed by flow cytometry at 72 hrs.  

 

T cell transfer colitis 

For the ADAR2 loss of function study, 2 million activated Cas9+CD4+ T cells transfected 

with sgEmpty or sgAdarb1 were injected intraperitoneally into RAG1-/- recipients. For the 

ADAR2 gain of function study, 0.25 million sorted Cas9+CD4+CD90.1+ T cells transduced 

with MSCV-empty (control) or MSCV-ADAR2 (ADAR2WT) were injected intraperitoneally 

into RAG1-/- recipients. Mice weights were measured twice a week and tissues were 

harvested between 35-39 days. Distal colons were collected for H&E staining. Pathology 

scoring of challenged mice was performed blind following previously published guidelines 

(68). Isolation of colonic lamina propria mononuclear cells was performed as previously 

described (69).  
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Flow Cytometry 

Cells were stimulated with 5 ng/mL Phorbol 12-myristate 13-acetate (PMA, Millipore 

Sigma) and 500 ng/mL ionomycin (Millipore Sigma) in the presence of GolgiStop (BD 

Bioscience) for 5 hours at 37 ˚C, followed by cell surface marker staining for CD4 (clone 

GK1.5; Biolegend) and CD90.1/Thy1.1 (clone HIS51; eBioscience). 

Fixation/Permeabilization buffers (eBioscience) were used as per manufacturer 

instructions to assess intracellular transcription factors and cytokine expression. 

Antibodies are listed in Table S5. 

 

RNA-seq 

Ribosome-depleted RNAs from two independent replicates of naïve and culture Th17 

cells were used to generate sequencing libraries. 100 bp paired-end sequencing was 

performed on an Illumina HiSeq4000 by the Institute of Genomic Medicine at the 

University of California San Diego. Each sample yielded approximately 30-40 million 

reads. Paired-end reads were aligned to the mouse mm10 genome with the STAR aligner 

version 2.6.1a (70) using the parameters: "--outFilterMultimapNmax 20 --

alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 --

outFilterMismatchNoverReadLmax 0.04 --alignIntronMin 20 --alignIntronMax 1000000 --

alignMatesGapMax 1000000". Uniquely mapped reads overlapping with exons were 

counted using featureCounts (71) for each gene in the GENCODE.vM19 annotation. 

Differential expression analysis was performed using DESeq2 (v1.18.1 package) (72), 

including a covariate in the design matrix to account for differences in harvest batch/time 

points. Regularized logarithm (rlog) transformation of the read counts of each gene was 
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carried out using DESeq2. Differentially expressed protein-coding genes with minimal 

counts of 10, log2 fold change cutoffs of ≥ 0.5 or ≤ 0.5, and p-values <0.05 were 

considered significant.  

For RNA variant analysis, low-quality reads were filtered out and adapters 

removed using Trimmomatic with parameters SLIDINGWINDOW:2:20 MINLEN:38. 

Ribosome RNAs reads were removed using SortMeRNA. RNA variations were called by 

the variants on RNA-seq data pipeline from the Genome Analysis Toolkit (GATK) 

following best practices described previously (73). Variants must be supported by at least 

one mismatched read with a base quality score ≥25, a mapping quality score ≥20, and 

coverage of each site ≥10. Only variations matching those previously curated by the 

REDIportal or DARNED database were included in the analysis. Gene-level editing 

scores were calculated as the number of edited reads mapping to the transcript over the 

total number of reads (edited and reference) mapping to the transcript (Figure S2C). 

 

ChIP-seq and ATAC-seq 

ChIP-seq experiments were performed on 5-10 million Th17 cells crosslinked with 1% 

formaldehyde. Chromatin was sonicated and immunoprecipitated using antibodies listed 

in Table S5 and Dynabeads (Thermo Fisher Scientific), followed by reverse cross-linking, 

and library construction. ATAC-seq libraries were generated as described in (74). ChIP-

seq and ATAC-seq processing followed the ENCODE guideline with some modifications. 

Specifically, single-end raw reads were mapped to the mouse genome (GENCODE 

assembly GRCm38) by bowtie2 (Version 2.3.4.1) in the local mapping mode with 

parameter “--local”, followed by PCR deduplication by SAMTools (Version 1.9) with the 
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utility markedup (75). Mapped reads from the two replicates were merged into a single 

BAM file by SAMTools, and peaks were called using MACS2 (Version 2.2.6) (76) in the 

narrow peak-calling mode with default parameters for ChIP-seq data or specific 

parameters of “callpeak --nomodel --extsize 100” for ATAC-seq data. Regions with peak-

score below 30 were filtered out and the remaining reliable peak profiles were 

transformed into bigwig format and visualized on the Integrative Genomics Viewer (IGV 

Version 2.8.2) (77). 

 

Identification of Enhancers and Super-enhancers 

To identify super-enhancers, H3K27ac peak regions within a 12.5 Kb window outside of 

any known-gene promoters (TSS ± 2.5 Kb), were stitched together and ranked by 

increasing total background subtracted by ChIP-seq occupancy of H3K27ac. Ranked 

regions were plotted against the total background subtracted by ChIP-seq occupancy of 

H3K27ac in units of total rpm on the y-axis. Regions above the geometrically defined 

inflection point from this representation were considered putative super-enhancers. 

Co-openness correlation scores of the Adarb1 promoter and each putative cis non-

coding site (CNS) were calculated using ATAC-seq signals from naïve, 48hrs, and 72hrs 

post polarization toward Th17 as previously described (78). The Adarb1 promoter (Chr10: 

77415285-77416735) with a Pearson correlation coefficient larger than 0.9 was selected 

as the potential target of the enhancers. 

 

Western Blot Analysis 
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For whole cell lysates, cells were lysed in 25 mM Tris pH 8.0, 100 mM NaCl, and 0.5% 

NP40 with protease inhibitors for 30 min on ice. Samples were spun down at 14,000 x g 

for 15 min, and soluble protein lysates were harvested. 20-50 μg proteins were loaded on 

each lane. Blots were blocked with the Odyssey Blocking buffer (Li-CoR Biosciences) and 

probed with primary antibodies listed in Table S5. Following incubation with respective 

IRDye secondary antibodies (Li-CoR Biosciences), infrared signals on each blot were 

captured by the Li-CoR Odyssey CLX.  

 

cDNA Synthesis, qRT-PCR, and RT-PCR Sanger Analysis 

Total RNA was extracted with the RNeasy kit (QIAGEN) and reverse transcribed using 

SuperScript™ III First-Strand Synthesis System (Thermo Fisher Scientific). Real-time RT-

PCR was performed using iTaq™ Universal SYBR® Green Supermix (Bio-Rad 

Laboratories). Expression data were normalized to Gapdh mRNA levels. qRT-PCR 

primers were designed using Primer-BLAST to span across splice junctions, resulting in 

PCR amplicons that span at least one intron. Primer sequences are listed in Table S4.  

To assess the fraction of candidate transcripts carrying A-to-I edits, RT-PCR was 

performed on cDNAs from murine Th17 or human HEK293 cells using the Q5 Hot Start 

High-Fidelity 2X Master Mix (New England Biolabs) with the standard thermocycling 

protocol. Samples were incubated at 98 ˚C for 30 seconds, followed by a denaturation for 

10 s at 98 ˚C, 20 s at 66 ˚C, and 72 ˚C for 1 min for a total of 34 cycles. PCR products 

were purified using Quick PCR Purification Kit (Qiagen) and sequenced. Primer 

sequences are listed in Table S4. 
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RNA immunoprecipitation (RIP) 

For RIP experiments, Th17 cells were lysed in 25 mM Tris pH 8.0, 100 mM NaCl, 0.5% 

NP40, 10 mM MgCl2, 10% glycerol with RNase and protease inhibitors for 30 min on ice. 

Samples were spun down at 14,000 x g for 15 min, and soluble protein lysates were 

harvested and immunoprecipitated with isotype control, ADAR2, or RPL10A-specific 

antibodies as listed in Table S5.  

 

Statistical Analysis 

All values are presented as means ± SD. Significant differences were evaluated using 

GraphPad Prism 8 software. The student’s t-tests or paired t-tests were used to determine 

significant differences between two groups. A two-tailed p-value of <0.05 was considered 

statistically significant in all experiments. 

 
 
Table S1. DESeq analysis of RBP genes in CD4+ naive and Th17 cells 
 
Table S2. Editing site analysis of CD4+ naive and Th17 cells  
 
Table S3. Editing level of genes in CD4+ naive and Th17 cells 
 
Table S4. Primers and sgRNAs. 
 
Table S5. Antibodies. 
 
 
 
REFERENCES 
 
1. J. Kempski, L. Brockmann, N. Gagliani, S. Huber, TH17 Cell and Epithelial Cell 

Crosstalk during Inflammatory Bowel Disease and Carcinogenesis. Front 

Immunol 8, 1373 (2017). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 24 

2. M. J. McGeachy, D. J. Cua, S. L. Gaffen, The IL-17 Family of Cytokines in Health 

and Disease. Immunity 50, 892-906 (2019). 

3. B. Stockinger, S. Omenetti, The dichotomous nature of T helper 17 cells. Nat 

Rev Immunol 17, 535-544 (2017). 

4. X. Song et al., Growth Factor FGF2 Cooperates with Interleukin-17 to Repair 

Intestinal Epithelial Damage. Immunity 43, 488-501 (2015). 

5. T. Kinugasa, T. Sakaguchi, X. Gu, H. C. Reinecker, Claudins regulate the 

intestinal barrier in response to immune mediators. Gastroenterology 118, 1001-

1011 (2000). 

6. J. S. Lee et al., Interleukin-23-Independent IL-17 Production Regulates Intestinal 

Epithelial Permeability. Immunity 43, 727-738 (2015). 

7. V. E. Diaz-Ochoa, S. Jellbauer, S. Klaus, M. Raffatellu, Transition metal ions at 

the crossroads of mucosal immunity and microbial pathogenesis. Frontiers in 

Cellular and Infection Microbiology 4,  (2014). 

8. A. Puel et al., Chronic mucocutaneous candidiasis in humans with inborn errors 

of interleukin-17 immunity. Science 332, 65-68 (2011). 

9. P. Kumar et al., Intestinal Interleukin-17 Receptor Signaling Mediates Reciprocal 

Control of the Gut Microbiota and Autoimmune Inflammation. Immunity 44, 659-

671 (2016). 

10. S. W. Kim et al., Genetic polymorphisms of IL-23R and IL-17A and novel insights 

into their associations with inflammatory bowel disease. Gut 60, 1527-1536 

(2011). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 25 

11. W. Hueber et al., Secukinumab, a human anti-IL-17A monoclonal antibody, for 

moderate to severe Crohn's disease: unexpected results of a randomised, 

double-blind placebo-controlled trial. Gut 61, 1693-1700 (2012). 

12. S. R. Targan et al., A Randomized, Double-Blind, Placebo-Controlled Phase 2 

Study of Brodalumab in Patients With Moderate-to-Severe Crohn's Disease. Am 

J Gastroenterol 111, 1599-1607 (2016). 

13. C. Dong, Defining the TH17 cell lineage. Nat Rev Immunol 21, 618 (2021). 

14. M. Thome, J. E. Charton, C. Pelzer, S. Hailfinger, Antigen receptor signaling to 

NF-kappaB via CARMA1, BCL10, and MALT1. Cold Spring Harb Perspect Biol 2, 

a003004 (2010). 

15. J. Staal, T. Bekaert, R. Beyaert, Regulation of NF-kappaB signaling by caspases 

and MALT1 paracaspase. Cell Res 21, 40-54 (2011). 

16. J. Ruland, G. S. Duncan, A. Wakeham, T. W. Mak, Differential requirement for 

Malt1 in T and B cell antigen receptor signaling. Immunity 19, 749-758 (2003). 

17. B. Coornaert et al., T cell antigen receptor stimulation induces MALT1 

paracaspase-mediated cleavage of the NF-kappaB inhibitor A20. Nat Immunol 9, 

263-271 (2008). 

18. J. Staal et al., T-cell receptor-induced JNK activation requires proteolytic 

inactivation of CYLD by MALT1. EMBO J 30, 1742-1752 (2011). 

19. S. I. Gringhuis et al., Selective C-Rel activation via Malt1 controls anti-fungal 

T(H)-17 immunity by dectin-1 and dectin-2. PLoS Pathog 7, e1001259 (2011). 

20. A. Brustle et al., The NF-kappaB regulator MALT1 determines the 

encephalitogenic potential of Th17 cells. J Clin Invest 122, 4698-4709 (2012). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 26 

21. M. H. Tan et al., Dynamic landscape and regulation of RNA editing in mammals. 

Nature 550, 249-254 (2017). 

22. A. Gallo, D. Vukic, D. Michalik, M. A. O'Connell, L. P. Keegan, ADAR RNA 

editing in human disease; more to it than meets the I. Hum Genet 136, 1265-

1278 (2017). 

23. K. Nishikura, A-to-I editing of coding and non-coding RNAs by ADARs. Nat Rev 

Mol Cell Biol 17, 83-96 (2016). 

24. J. C. Hartner, C. R. Walkley, J. Lu, S. H. Orkin, ADAR1 is essential for the 

maintenance of hematopoiesis and suppression of interferon signaling (vol 10, pg 

109, 2009). Nature Immunology 10, 551-551 (2009). 

25. G. I. Rice et al., Mutations in ADAR1 cause Aicardi-Goutieres syndrome 

associated with a type I interferon signature. Nature Genetics 44, 1243-1248 

(2012). 

26. Q. Li et al., RNA editing underlies genetic risk of common inflammatory diseases. 

Nature 608, 569-577 (2022). 

27. T. Nakahama et al., ADAR1-mediated RNA editing is required for thymic self-

tolerance and inhibition of autoimmunity. EMBO Rep 19,  (2018). 

28. T. Melcher et al., A mammalian RNA editing enzyme. Nature 379, 460-464 

(1996). 

29. M. Higuchi et al., Point mutation in an AMPA receptor gene rescues lethality in 

mice deficient in the RNA-editing enzyme ADAR2. Nature 406, 78-81 (2000). 

30. M. J. Moore et al., ZFP36 RNA-binding proteins restrain T cell activation and 

anti-viral immunity. Elife 7,  (2018). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 27 

31. D. Wang et al., MiRNA-155 Regulates the Th17/Treg Ratio by Targeting SOCS1 

in Severe Acute Pancreatitis. Front Physiol 9, 686 (2018). 

32. E. Tokiyoshi, M. Watanabe, N. Inoue, Y. Hidaka, Y. Iwatani, Polymorphisms and 

expression of genes encoding Argonautes 1 and 2 in autoimmune thyroid 

diseases. Autoimmunity 51, 35-42 (2018). 

33. A. Sethi, N. Kulkarni, S. Sonar, G. Lal, Role of miRNAs in CD4 T cell plasticity 

during inflammation and tolerance. Front Genet 4, 8 (2013). 

34. G. Giudice, F. Sanchez-Cabo, C. Torroja, E. Lara-Pezzi, ATtRACT-a database of 

RNA-binding proteins and associated motifs. Database (Oxford) 2016,  (2016). 

35. M. J. Stubbington et al., An atlas of mouse CD4(+) T cell transcriptomes. Biol 

Direct 10, 14 (2015). 

36. G. Ramaswami et al., Identifying RNA editing sites using RNA sequencing data 

alone. Nature Methods 10, 128-132 (2013). 

37. A. Athanasiadis, A. Rich, S. Maas, Widespread A-to-I RNA editing of Alu-

containing mRNAs in the human transcriptome. PLoS Biol 2, e391 (2004). 

38. S. Qiu et al., Single-cell RNA sequencing reveals dynamic changes in A-to-I RNA 

editome during early human embryogenesis. BMC Genomics 17, 766 (2016). 

39. I. Mohammad et al., Quantitative proteomic characterization and comparison of T 

helper 17 and induced regulatory T cells. PLoS Biol 16, e2004194 (2018). 

40. E. A. Sausville, Complexities in the development of cyclin-dependent kinase 

inhibitor drugs. Trends Mol Med 8, S32-37 (2002). 

41. K. V. Prasanth et al., Regulating gene expression through RNA nuclear retention. 

Cell 123, 249-263 (2005). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 28 

42. L. L. Chen, J. N. DeCerbo, G. G. Carmichael, Alu element-mediated gene 

silencing. EMBO J 27, 1694-1705 (2008). 

43. Y. Nakamura, K. Igaki, Y. Komoike, K. Yokoyama, N. Tsuchimori, Malt1 

inactivation attenuates experimental colitis through the regulation of Th17 and 

Th1/17 cells. Inflamm Res 68, 223-230 (2019). 

44. F. Bornancin et al., Deficiency of MALT1 paracaspase activity results in 

unbalanced regulatory and effector T and B cell responses leading to multiorgan 

inflammation. J Immunol 194, 3723-3734 (2015). 

45. X. Sun et al., Innate gammadeltaT17 cells play a protective role in DSS-induced 

colitis via recruitment of Gr-1(+)CD11b(+) myeloid suppressor cells. 

Oncoimmunology 6, e1313369 (2017). 

46. W. O'Connor, Jr. et al., A protective function for interleukin 17A in T cell-mediated 

intestinal inflammation. Nat Immunol 10, 603-609 (2009). 

47. Y. Jiang et al., Epigenetic activation during T helper 17 cell differentiation is 

mediated by Tripartite motif containing 28. Nat Commun 9, 1424 (2018). 

48. D. Pham et al., Batf Pioneers the Reorganization of Chromatin in Developing 

Effector T Cells via Ets1-Dependent Recruitment of Ctcf. Cell Rep 29, 1203-1220 

e1207 (2019). 

49. K. L. Cheung et al., Distinct Roles of Brd2 and Brd4 in Potentiating the 

Transcriptional Program for Th17 Cell Differentiation. Molecular Cell 65, 1068-+ 

(2017). 

50. S. Witte, A. Bradley, A. J. Enright, S. A. Muljo, High-density P300 enhancers 

control cell state transitions. BMC Genomics 16, 903 (2015). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 29 

51. B. Zhou et al., Author Correction: GRID-seq for comprehensive analysis of global 

RNA-chromatin interactions. Nat Protoc 15, 2140 (2020). 

52. B. Zhou et al., GRID-seq for comprehensive analysis of global RNA-chromatin 

interactions. Nat Protoc 14, 2036-2068 (2019). 

53. L. Gabrysova et al., c-Maf controls immune responses by regulating disease-

specific gene networks and repressing IL-2 in CD4(+) T cells. Nat Immunol 19, 

497-507 (2018). 

54. M. N. Svensson et al., Reduced expression of phosphatase PTPN2 promotes 

pathogenic conversion of Tregs in autoimmunity. J Clin Invest 129, 1193-1210 

(2019). 

55. C. M. Radens, D. Blake, P. Jewell, Y. Barash, K. W. Lynch, Meta-analysis of 

transcriptomic variation in T-cell populations reveals both variable and consistent 

signatures of gene expression and splicing. RNA 26, 1320-1333 (2020). 

56. S. Tuomela et al., Comparative analysis of human and mouse transcriptomes of 

Th17 cell priming. Oncotarget 7, 13416-13428 (2016). 

57. A. Gerber, M. A. O'Connell, W. Keller, Two forms of human double-stranded 

RNA-specific editase 1 (hRED1) generated by the insertion of an Alu cassette. 

RNA 3, 453-463 (1997). 

58. A. Gewies et al., Uncoupling Malt1 threshold function from paracaspase activity 

results in destructive autoimmune inflammation. Cell Rep 9, 1292-1305 (2014). 

59. M. Jaworski et al., Malt1 protease inactivation efficiently dampens immune 

responses but causes spontaneous autoimmunity. EMBO J 33, 2765-2781 

(2014). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 30 

60. J. W. Yu et al., MALT1 Protease Activity Is Required for Innate and Adaptive 

Immune Responses. PLoS One 10, e0127083 (2015). 

61. A. Demeyer et al., MALT1 Proteolytic Activity Suppresses Autoimmunity in a T 

Cell Intrinsic Manner. Front Immunol 10, 1898 (2019). 

62. K. Martin et al., Malt1 Protease Deficiency in Mice Disrupts Immune Homeostasis 

at Environmental Barriers and Drives Systemic T Cell-Mediated Autoimmunity. J 

Immunol 203, 2791-2806 (2019). 

63. J. J. Cho et al., Hectd3 promotes pathogenic Th17 lineage through Stat3 

activation and Malt1 signaling in neuroinflammation. Nature Communications 10,  

(2019). 

64. I. G. Yulug, A. Yulug, E. M. Fisher, The frequency and position of Alu repeats in 

cDNAs, as determined by database searching. Genomics 27, 544-548 (1995). 

65. K. Labun et al., CHOPCHOP v3: expanding the CRISPR web toolbox beyond 

genome editing. Nucleic Acids Res 47, W171-W174 (2019). 

66. F. A. Ran et al., Genome engineering using the CRISPR-Cas9 system. Nat 

Protoc 8, 2281-2308 (2013). 

67. S. Morita, T. Kojima, T. Kitamura, Plat-E: an efficient and stable system for 

transient packaging of retroviruses. Gene Ther 7, 1063-1066 (2000). 

68. P. J. Koelink et al., Development of Reliable, Valid and Responsive Scoring 

Systems for Endoscopy and Histology in Animal Models for Inflammatory Bowel 

Disease. J Crohns Colitis 12, 794-803 (2018). 

69. S. Ma et al., RORgammat phosphorylation protects against T cell-mediated 

inflammation. Cell Rep 38, 110520 (2022). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 31 

70. A. Dobin et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-

21 (2013). 

71. Y. Liao, G. K. Smyth, W. Shi, featureCounts: an efficient general purpose 

program for assigning sequence reads to genomic features. Bioinformatics 30, 

923-930 (2014). 

72. M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biol 15, 550 (2014). 

73. G. Ramaswami et al., Identifying RNA editing sites using RNA sequencing data 

alone. Nat Methods 10, 128-132 (2013). 

74. J. D. Buenrostro, B. Wu, H. Y. Chang, W. J. Greenleaf, ATAC-seq: A Method for 

Assaying Chromatin Accessibility Genome-Wide. Curr Protoc Mol Biol 109, 21 29 

21-21 29 29 (2015). 

75. M. Halic, D. Moazed, Transposon silencing by piRNAs. Cell 138, 1058-1060 

(2009). 

76. Y. Zhang et al., Model-based analysis of ChIP-Seq (MACS). Genome Biol 9, 

R137 (2008). 

77. H. Thorvaldsdottir, J. T. Robinson, J. P. Mesirov, Integrative Genomics Viewer 

(IGV): high-performance genomics data visualization and exploration. Brief 

Bioinform 14, 178-192 (2013). 

78. J. Wu et al., The landscape of accessible chromatin in mammalian 

preimplantation embryos. Nature 534, 652-657 (2016). 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


FIGURES  

 

Figure 1. ADAR1 and ADAR2 regulate distinct aspects of Th17 biology. 

A. Cell culture assay workflow (top): purified murine naïve CD4+ T cells were 

activated and differentiated toward the Th17 lineage in vitro. Volcano plot (bottom) 

depicting differential gene expression in naïve and Th17 cells from two pairs of 
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mice. Green and magenta dots indicate genes differentially expressed in naïve and 

Th17 cells (folds change >2 or <-2 and p<0.01). Grey dots indicate all other genes. 

Red dots indicate genes encoding RNA binding proteins (RBPs). Il17a and Il17f 

are highlighted for reference. 

B. Summarized proportions (left) and representative flow cytometry analysis (right) of 

Ki67 and Annexin-V in transduced (CD90.1+) Cas9+CD4+ T cells. FSC: Forward 

scatter as an indicator of cell size. * p-value<0.05, ns: not significant (paired t-test). 

C. Summarized proportions (left) and representative flow cytometry analysis (right) of 

RORγt in transduced CD90.1+CD4+ cells and IL-17A+ in transduced Th17 cells 

(defined as CD90.1+CD4+RORγt+). FSC: Forward scatter as an indicator of cell 

size. * p-value<0.05, ns: not significant (paired t-test). 

D. Representative western blot of whole-cell extracts from Th17 cells transduced with 

control, ADAR2WT, or enzymatically dead ADAR2E396A expression constructs. This 

experiment was repeated twice on independent biological samples with similar 

results.  

E. Representative flow cytometry analysis (left) and summarized proportions (right) 

of RORγt+ transduced (CD90.1+CD4+) T cells. Numbers on the histogram indicate 

the mean fluorescent intensity of RORγt in each cell population. Isotype control 

(blue), empty vector transduced control (black), ADAR2WT expression vector 

transduced (orange), ADAR2E396A expression vector transduced (grey). 

Connecting lines indicate results from one independent experiment. ns: not 

significant (paired t-test, n=4). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


F. Representative flow cytometry analysis (left) and summarized proportions (right) 

of IL-17A+ Th17 cells in indicated transduced cells. Connecting lines indicate 

results from one independent experiment. * p-value<0.05, ns: not significant 

(paired t-test, n=4). 
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Figure 2. ADAR2 promotes IL-17A expression by editing MALT1  
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A. Strictly standardized mean difference (SSMD) of overall editing at the gene level 

between Th17 and naïve cells. Magenta and green dots indicate the genes 

differentially edited in Th17 and naïve cells (cut-off: SSMD>2 or SSMD<-2). Black 

dots indicate all other genes.  

B. Overall editing levels of the indicated genes in two independent replicates of naïve 

and Th17 cells. 

C. Position of repeat elements and editing sites on the Malt1 3’ UTR (top). Naïve and 

Th17 RNA sequencing depth and the fraction of reads containing A-to-I edits at 

each site (bottom). Vertical black lines indicate the editing sites identified by RNA-

seq. 

D. Editing proportion of Malt1 in Th17 cells transduced with the indicated vectors as 

determined by RT-PCR and Sanger sequencing. Connecting lines indicate results 

from one independent experiment. * p-value<0.05, ** p-value<0.01, ns: no 

significant (paired t-test, n=3). 

E. Ratio of Malt1 mRNA detected in the cytoplasm and nucleus of transduced Cas9+ 

Th17 cells. Connecting lines indicate results from one independent experiment. * 

p-value<0.05, ns: not significant (paired t-test, n=6). 

F. Ribosome RPL10A enrichment on the Malt1 transcript in transduced Cas9+ Th17 

cells as detected by RIP and RT-qPCR. ** p-value<0.01 (t-test, n=3). 

G. Summarized geometric mean fluorescence intensity (gMFI) of intracellular MALT1 

proteins in Cas9+ Th17 cells (CD90.1+CD4+RORγt+) transduced with the indicated 

sgRNA expressing vectors. Connecting lines indicate results from one 

independent experiment. * p-value<0.05 (paired t-test, n=5). 
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H. Summarized geometric mean fluorescent intensity (gMFI) of intracellular MALT1 

protein in Th17 cells transduced with the control or indicated ADAR2 expressing 

vectors. Connecting lines indicate results from one independent experiment. * p-

value<0.05, ns: no significant (paired t-test, n=5). 

I. The fraction of IL-17A+ Th17 cells transduced with the indicated vectors normalized 

to those found in control vector transduced (CTL) cultures treated with DMSO. MI-

2: MALT1 inhibitor, 500 nM. Each dot represents the results from one mouse. * p-

value<0.05, ns: no significant (paired t-test, n=4). 
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Figure 3. ADAR2 deaminase activity protects against T cell-mediated colitis 

A. Representative Sanger sequencing analyses of A-to-I conversion at sites 1 and 2 

of the Malt1 mRNA in the colonic lamina propria (cLP) mononuclear cells. 

B. Weight change of RAG1-/- mice receiving activated T cells transduced with empty 

(control) or ADAR2WT overexpression constructs. Each dot represents the result 

from one mouse. * p-value<0.05 (t-test). 

C. Histology score of three pairs of colonic sections from B. * p-value<0.05 (paired t-

test). Each dot represents the result from one mouse. 
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D. The geometric mean fluorescent intensity (gMFI) of MALT1 in Th17 cells (CD4+ 

RORγt+) from the cLP and spleen of mice in group 2. Each connecting line 

represents the result from one mouse. * p-value<0.05 (t-test, n=5). 

E. Weight change of RAG1-/- mice receiving activated T cells transduced with empty 

(control) or ADAR2E396A overexpression constructs. Each dot represents the result 

from one mouse. 

 

 

Figure 4. ADAR2 promotes Th17 effector function in vivo 
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A. Weight change of RAG1-/- mice receiving activated Cas9+CD4+ T cells that were 

transduced with sgEmpty (group 1) or sgAdarb1 (group 2). * p-value<0.05, ** p-

value<0.01 (t-test, n=5). Each dot represents the result from one mouse. The 

results shown are combined from two independent experiments.  

B. Representative H&E staining of colonic sections harvested on day 35 after transfer. 

Scale bar: 200µm. 

C. Summarized histology score of B. Each dot represents the result from one mouse. 

* p-value<0.05 (t-test). 

D. Colon length of the mice from A harvested on day 35 after transfer. Each dot 

represents the result from one mouse. ** p-value<0.01 (t-test, n=5). 

E. The percentage of A-to-I edited Malt1 transcripts in the cLP mononuclear cells. * 

p-value<0.05, ns: no significant (t-test). 

F. The proportion of IL-17A+ Th17 and IFNg+ Th1 cells in cLP. Each dot represents 

the result from one mouse. * p-value<0.05, ns: no significant (t-test). 

G. The proportion of Th17 (RORγt+CD4+), Th1 (Tbet+CD4+) and Treg (Foxp3+CD4+) 

cells in cLP. 
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Figure 5. Adarb1 transcription is controlled by an intragenic super-enhancer in 

Th17 cells 
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A. Representative western blot analysis of whole-cell extracts from naïve CD4+ T and 

cultured Th17 cells harvested 72hrs post differentiation. This experiment was 

repeated twice on independent biological samples with similar results. 

B. Th17 super-enhancers (SE, red dots) and typical enhancers (black dots) as 

defined by regional H3K27ac signals (see Methods for detail). The arrow highlights 

the SE of Adarb1. 

C. Chromatin landscape of the mouse Adarb1 locus. Chromatin accessibility assays 

were performed on two independents naïve CD4+ T and cultures of Th17 cells 

harvested at 48 or 72 hours. ChIP-seq (acetylated H3K27 and RNA Polymerase 

II) and GRID-seq were performed on two independent cultures of Th17 cells 

harvested at 72 hours. Shaded box: putative super-enhancer region. 

D. Co-openness correlation scores of the Adarb1 promoter and each putative cis non-

coding site (CNS). 

E. Log2 fold changes in Adarb1 mRNA quantified by qRT-PCR in Cas9+ Th17 cells 

transduced with sgRNAs targeting the corresponding CNS compared to control. 

Average and standard deviation of results from two independent experiments are 

shown. * p-value<0.05, ** p-value<0.01 (t-test). 

F. Working model: CNS3 and CNS4 within the Adarb1 intragenic super-enhancer 

promote local transcription in murine Th17 cells. 

G. Violin plot of human ADARB1 expression in naïve and cultured Th17 cells from 5 

independent RNA-seq datasets (43). 

H. Log2 fold change of ADARB1 and IL17A expression in murine or human Th17 cells 

at different time points compared to naïve controls as determined by RNA-seq (44). 
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Figure 6. The ADAR2-MALT1 pathway is conserved in humans. 
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A. Location of Alu repeats and A-to-I editing sites on the MALT1 3’ UTR in human 

Th17 and non-Th17 cells. 

B. Schematic of two ADARB1 isoforms (left), ADARB1 and ADARB1(+5a), expressed 

in Jurkat T cells. PCR results (right) using the indicated primers on 12 independent 

cDNA clones obtained from Jurkat T cell. 

C. The proportion of A-to-I conversion on MALT1 in HEK293 cells transfected with 

the indicated vectors was determined by RT-PCR and Sanger sequencing. 

Connecting lines indicate results from one independent experiment. * p-value<0.05, 

** p-value<0.01, ns: no significant (paired t-test, n=3). 

D. Representative (left) and quantification of the indicated proteins in control or 

HEK293 cells over-expressing the indicated ADARB1 isoform as determined by 

western blot analysis. b-tubulin: loading control used for normalization. Connecting 

lines indicate results from one independent experiment. * p-value<0.05, ** p-

value<0.01, **** p-value<0.0001, ns: no significant (paired t-test, n=3). 
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SUPPLEMENTAL INFORMATION 

 

Figure S1. ADAR1 and ADAR2 expression in different T cell subsets.  

A. Regularized logarithmic transformed read counts of the indicated gene determined 

by RNA-seq (29). 

B. Representative western blot analysis of ADAR1 or ADAR2 in Th17 cells 

transduced with the indicated sgRNA expression constructs. This experiment was 

repeated twice on independent biological samples with similar results. 
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Figure S2. RNA editomes in T cells. 

A. Distribution of 12 types of RNA editing events in naïve (top) and culture Th17 cells 

(bottom). Data represent the total number of RNA editing events detected in both 

of replicates of the corresponding cell types. 
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B. Scatterplot of A-to-I editing events identified in A that have been previously curated 

by the REDIportal or DARNED database on each independent biological replicates. 

Each dot represents one editing site. 

C. Workflow for calculating overall editing level at the gene level used for Figure 2A. 

D. Distribution of edited sites on different transcript regions in naïve and culture Th17 

cells.  
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Figure S3. Protein abundance of A-to-I edited transcripts in naïve and Th17 cells. 

A. Scatterplot of protein abundance differences in Th17 and non-polarized Th0 (33) 

and transcript editing level changes (SSMD) in Th17 and naïve cells. Black dots: 

15 transcripts with SSMD>2 or <-2 with differential protein abundance. Grey dots: 

all other transcripts. 
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B. Gene ontology analysis of the 23 genes harboring higher editing in culture Th17 

cells compared to naïve cells. Each dot represents each enriched functional 

term/pathway. Distance means the similarity between the connected 

functional terms. The figure was generated by ClueGO (54). 

C. ADAR2 enrichment on the Malt1 transcript in Th17 cells as detected by RIP and 

RT-qPCR. * p-value<0.05 (t-test, n=3). 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 

Figure S4. A-to-I edited sites on Malt1 3’UTR in culture Th17 cells. 

A. Representative sanger sequencing analyses of Malt1 editing sites in Th17 cells 

transduced with the indicated expression vectors.  
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B. Representative RT-PCR and Sanger sequencing analyses of Malt1 editing sites in 

Cas9+ Th17 cells transduced with the indicated sgRNA expression vectors.  

C. Summarized editing proportion of the experiments described in B. Connecting lines 

indicate results from one independent experiment. * p-value<0.05, ns: not 

significant (paired t-test, n=4). 
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Figure S5. ADAR2 does not regulate Malt1 transcription, RNA stability, and 

microRNA binding. 
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A. Normalized expression of Malt1 mRNA as assessed by qRT-PCR in Th17 cells 

transduced with the indicated vectors. Gapdh was used for normalization. 

Connecting lines indicate results from one independent experiment. ns: not 

significant (paired t-test, n=4).  

B. Relative Malt1 mRNA level in Th17 cells transduced with indicated vectors treated 

with 1 µM flavopiridol for 0, 2, and 6 hrs. Gapdh was used for normalization.  

C. microRNA target sites on the unmodified (top) or A-to-I modified (bottom) Malt1 

3’UTR predicted by TargetScan (55, 56). 
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Figure S6. Predicted Malt1 mRNA structures. 

A. Predicted RNA structures of the Malt1 mRNA (top) and the 3’ UTR region 

harboring the two B2 SINE invert repeats that were unmodified (middle) or 

modified at sites 2 and 2.adj (bottom).  

 

A

G = -1407.40 kcal/mol

Site1
Site2

Site2.adj
a
u
a
u g u

g u
g
c

u

a
a u

g

g

a
g a

c
c a g a a

g a g g g
c
a
u
c a g a

u

a

c

u
g
g a a

c
u
g

g

a

a
u
u a c a g

g
c a

g g
u g u g a g c a

c

u c a
g
u
g
u
g
a a

u g c u

a

a
a a g

c
u

g

c
a

g

a

g
g u

u

a
a
g
a
g
c
a c

u

gg
c

u
g

c
u

c
u

u

c c
a

gag

g
u

c
u

u
g
a

g
u

u

c

a

a
u

u

c

c
c

agca
ac

c
a

c
aug

g
u

g
gcucac

a
a

cc
au

cugua
a

u
ggg

a
u

cug
a

u
g

cccu
uuucug

gc

c
ug

c
a

g
ac

a
u

a
u

3340

3350

3360 3370

3380

3390 3400 3410

3420

3430

4660

4670

4680

4690

4700

4710

4720

4730
4740

4750

4760

4770

G = -1404.90 kcal/mol
Site2+2.adj A-to-I   Modifed

a u a
u
g u

g
u g

c

u

a
a u

g

g

g
g a

c
c a g a a

g
a g g g c a u c a g a u

a
c

u

g

g

a a
c u

g

g
a
a

u

u
g

c
a

g

gc

a

g
g

u g u
g
a
g c

a
c

u c a
g
u
g
u
g
a a

u g c u

a

a
a a g

c
u

g a

uc
a

g

a

g
g u

u

a

a
g
a
g
c
a c

u

gg
c

u
g

c
u

c

u

u

c c
a

gag

g
u

c
u
u
g a

g
uu

c

a

a
u

u

c

c
c

agca
ac

c
a

c
aug

g
u

ggc
u

c
aca

a
c

c

a
u c

u

gu
a

a

u

g

g
g

aucugaugcccu
u

uucug
g

c
cug

ca
g

ac
a

uau

3340 3350

3360 3370

3380

3390

3400 3410

3420

3430

4660

4670

4680

4690

4700

4710

47204730

4740

47504760
4770

Site1 Site2 Site2.adj

Site3

Site3Site3.adj

Site3.adj

G = -1749.48 kcal/mol
Node color

B1_1st

3’UTR region

A-to-I editing sites

Other regions

B1_2nd
Unmodified

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 23, 2022. ; https://doi.org/10.1101/2020.09.22.308221doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.308221


 

Figure S7. MALT1 induces Th17 cytokine production in a protease activity-

dependent manner. 

A. Summarized gMFI of intracellular MALT1 in Cas9+ Th17 (CD90.1+RORgt+) cells 

transduced with the indicated vectors. Each line represents results from an 

independent experiment. * p-value<0.05 (paired t-test, n=4). 

B. Representative flow cytometry analysis (left) and summarized proportion of IL-

17A+ Th17 cells from A (right). SSC: side scatter as an indicator of cell granularity. 

Each line represents results from an independent experiment. * p-value<0.05 

(paired t-test, n=4). 
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C. The proportion of IL-17A+ Th17 cells cultured in the presence or absence of the 

MALT1 inhibitor MI-2 at the indicated concentrations for 72 hrs. * p-value<0.05 

(paired t-test with 0 nM, n=3). 

D. Representative flow cytometry analysis from C. SSC: side scatter as an indicator 

of cell granularity. 

 

 

Figure S8. Gating strategy to examine colonic lamina propria T cells 

A. Following the lymphocyte gate, doublets were eliminated, and live cells were 

analyzed for CD4 expression. Transduced CD90.1+CD4+ or non-transduced 

CD90.1-CD4+ T cells were divided into different T helper subsets according to Tbet, 

RORgt, and Foxp3 expression patterns. IFNg and IL-17A expressions were further 

evaluated in each subset.  
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Figure S9. Chromatin accessibility at the Adarb1 locus in different T helper subsets. 

A. Genome-browser tracks of ATAC-seq signals at the Adarb1 locus in cultured Treg 

and Th17 cells (42). 

B. Genome-browser tracks of ATAC-seq signals at the Adarb1 locus in Th1, Th2, and 

Th17 cells from malaria, house dust mite (HDM), or the experimental autoimmune 

encephalomyelitis (EAE) challenged mice (41). 
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Figure S10. RNA-seq analysis of human naïve and Th17 cells. 

A. PCA analysis of 5 independent human RNA-seq datasets from naïve and culture 

Th17 cells before and after batch effect removal (43). 

B. Human IL17A expression level in naïve and culture Th17 cells as determined by 

RNA-seq from A (43). 
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Figure S11. ADAR2 edits select sites on MALT1 3’UTR in HEK293 cells. 

A. Representative Sanger sequencing analyses of Malt1 A-to-I modified sites in 

HEK293 cells transduced with the indicated vectors.  
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